upward pulling of the spring. Similar springs (k, were fixed to the glass rod in the trough, to keep it pressed against the end of the fixed glass tube.
The whole of the apparatus stood on a brick floor, and so solid was the founda tion, that accurate measurements could be made even when persons were moving about on it.
The measuring-apparatus* (D, fig. 1 ) was a micrometer-screw, a piece of brass being fixed to the end of it, through which passed a moveable circular piece of the same alloy faced with agate. On turning the screw, this piece of brass, as soon as it touched the zinc cap, pressed against the short arm of the lever and thus indicated the point of contact. To obtain accurate readings, the screw was turned until the bent end of the long arm of the lever covered the line on the table beneath i t ; and to avoid parallax, the point was observed through the tube E, which has a very fine opening at the top and a magnifying glass at the bottom.
With this arrangement readings can be made with little practice (of course avoiding the back-lash of the screw), with great accuracy, in fact, easily to 0*001 millimetre.
The length-value of a turn of the micrometer-screw was found by measuring wires of known diameter. These were measured some years since in Heidelberg, in K ir c h h o f f 's laboratory, with a calibrated micrometer-screw under a microscope. I thought, how ever, the screw might have altered by constant use, as it had served to measure all the wires used for the electrical conducting-power experiments made in conjunction with other gentlemen. On applying to Mr. B. S t e w a r t , he kindly placed at my disposal, at Kew, their normal measuring-screw, and on redetermining the length-value of a turn of the screw, it was found equal to 0*185 millimetre, agreeing almost abso lutely with the former value, namely 0*184 millimetre. The mean of these two values was used, namely 0*1845 millimetre. The milled head was divided into 200 parts, so that each division represents about 0*001 millimetre. A small correction had to be made for the movement of the lever, as it moves bodily with the screw. The relative lengths of the arms of the lever were about as 250 :1, so that when the screw moved backwards to allow the rod to expand, the error caused by this in the reading will be about 0*005 millimetre, for the expansion of the rod is equal to 1*3 millimetre; in other words, to bring the point of the lever to cover the line at the high temperatures, the screw would be turned too much, or the expansion would be found too small. By direct determination this correction amounts, for six turns of the screw, to 0*005 millimetre.
On carefully calibrating the screw, a part of it (consisting of eight turns) was found where the length-value of the threads was almost absolutely the same. This portion of the screw w7 as therefore used for the experiments. The thermometers employed were correct, having been compared with a Kew Standard thermometer. Their zero-points were redetermined from time to time. The correction for the column of mercury not immersed in the water, made by using K o p p 's formula, correction = N(T-t) X 0*0001545, where N is equal to the number of degrees exposed, T the uncorrected temperature of the water, and t the temperature of the thermometer the bulb of which is placed in contact with the stem of the other thermometer halfway between the top of the mercury column and the middle of the cork. The number given is the apparent expansion of mercury in glass.
Having thus described the different parts of the apparatus, I will proceed to state the manner of making the determinations. The different parts having been placed together, the trough was filled with water by connecting the tap F with the water-tap • and when full the water was still allowed to enter, escaping through a waste-pipe at the top of the other end of the trough. After the water had flowed through the trough for about half an hour, it was turned off at F and connected with d, flowing through B, and thence passing through the rubber tubing from c to K t f it enters the tube C, and escapes at g into a waste-pipe. The temperatures of the thermometers having been read off, and the position of the screw noted when touching the end of the tube C, the eighteen Bunsen burners were lighted, the screw at the same time being turned so as to allow for the expansion of the rod. When the water boiled the temperatures were read off, and the new position of the screw noted on touching the end of C. It was found necessary to continue boiling the water for about a quarter of an hour before constant readings could be obtained. To take the readings again at low temperatures, the water-tap was connected with F, and the water allowed to flow through the trough till that flowing from the waste-pipe had the same temperature as the water from the tap, when the connexion was again made with d. To obtain this temperature, it took from three to four hours. It may here be mentioned that screens were placed between the ends of the trough and the tubes B and C, to prevent their being heated by radiation from the trough whilst making the observations at high temperatures. A thermometer placed near the screw of the measuring-apparatus showed no change of temperature during the time of the experiment, the room in which the experiments were made being a very large one.
Only such observations were deemed reliable as gave concordant results on heating and cooling the rod, the slightest movement in any part of the apparatus causing large differences in these values. No good results were obtained at first, but after some practice the values found agreed well together. These are given in Table I. Nos. 1, 2, & 3 are the observations made with Bod I., with only two springs in the trough.
Nos. 4 & 5, the observations made with Bod I., the apparatus having been taken to pieces and put together again; the rod also being turned, and four springs being used.
Nos. 6 & 7, the observations made with Bod II., with four springs. No. 8, the observations made with Bod II., with four springs, rod turned, and appa ratus readjusted. Tn T2, T3 denote the true temperature of the water. a and b, the true expansion of the rod between those temperatures, expressed in mil limetres.
The last two columns give the expansion of the rods, calculated from the respective observations for 100°.
The length of the two rods was the same, namely 1825 millimetres, and their dia meter about 20 millimetres.
The increment in length for 1 metre will be therefore between 0° and 100 , 0m,729; 2k2 or the formula for the correction of the linear expansion of the glass rods will be L,=Lo(l+0-00000729tf), and for the cubical expansion, V ,= V 0( 1 + 0*00002187$).
In carrying out the foregoing experiments an interesting observation was made; when the glass rod was heated in the morning for the first determination, the value deduced for the expansion of the rod was greater than those obtained afterwards on the same day-a result which proves that the rod, on being heated, only resumes its normal length after a certain time, and that this gradual change in length is perceptible after twelve to fifteen hours. From the above the mean expansion of the rod on first heating between 0° and 100° is 1-370.
The mean of the experiments given in Table I . is 1-331, making a difference of about 3 per cent, on the expansion *.
II. On the Method employed fo r the Determination o f the Cubical Expansion o f Wa and Mercury.
Fig . 5 shows the arrangement of the apparatus used for the determinations. Through a small hole in the bottom of the balance and shelf a platinum wire hung from the small pan above. The diameter of the wire is about 0*5 millim. To this wire, by means of a hook, the metal was suspended by a finer wire (0-04 millim. diameter) in the water contained in the box below. The size of the box, measured inside, was 200 millims. cube. It was made of zinc, double sided, and encased in wood. The covers were cut in two to allow them to be put on or taken off without disturbing the fine wire. Through these, holes were made ( fig. 6 ), a, a for the stirrer, h for the draft pipe, c for the fine wire, and d for the thermometer. The stirrer was a square piece of sheet zinc, soldered to the end of the copper wires It, It, with a hole cut in the middle of it to make room for the cylinder a. The wires R, R, as shown in fig. 5, were connected together by a stout wire and binding screws. The draft-pipe b, figs. 5, 6 (of zinc tubing soldered to the one-half of the cover joining at e with b), served to draw off the steam formed at high temperatures, thereby preventing its condensation on the platinum wire. This was accomplished by leading the end of the pipe into a chimney and creating a draft by lighting a gas-burner in it. It was found by experi ments at low temperature that creating this draft had not the slightest influence on the weighings, for those made with and without it were exactly the same.
In the middle of the box stands the silver cylinder a, filled with distilled water, and in this the metal or glass was weighed. As seen in the figure, the thermometer-bulb stands in the same level as the metal. To prevent the evaporation of water by the current of air sucked in at e by the draft-pipe, as well as to hinder particles of dust falling into the water, the cylinder was covered with a platinum cover, f , f (divided in two), with two holes, the one for the fine wire, the other for the thermometer*. The water in the box was heated by steam, the pipe surrounding the cylinder, a small screen of sheet zinc bent outwards being placed between them to prevent the steam coming in direct contact with the cylinder. The general method of observing with this apparatus was as follows:-The substance to be experimented on was cast or ground to a form somewhat like fig. 7 , and suspended by means of a slip-knot made with the fine platinum wire in the cylinder filled with boiling distilled water. This being made to boil, was boiled with the substance for the space of half an hour. Another silver vessel was kept ready with boiled out and boiling water to supply the loss by evaporation. After boiling for the half hour, the cylinder was placed in the box already filled with water of the proper temperature, and the platinum covers placed on i t ; the box was then covered with the zinc and wooden covers, of course great care being taken to let the fine wire swing freely. Whilst experimenting at high temperatures, steam had to be passed into the box to keep a constant temperature. By means of a small boiler, heated by gas placed at some distance from the apparatus, this was easily effected. In fact, by carefully regulating the gas, any temperature between 50° and 100° may be kept constant for any time. A waste-pipe was fitted into the side of the box to allow the water when it reached a certain level to flow away; as soon as the temperature became constant, the first weighing was proceeded w ith; in the one pan of the balance, large weights were placed so as to make that side of the balance the heaviest ; this is brought into equilibrium by placing smaller weights in the other pan, namely, the one to which the platinum wire is fixed. The balance stands in a glass case, and surrounding this is another glass case (not shown in the figure), to keep the tem perature of the balance as constant as possible. It did not vary during a series of observations more than 1°. The proper weight having been found, which it was possible to do to an accuracy of 0*0001 grm. when weighing in water, it was noted, . * To diminish the amount of air sucked in at c, and as a protection againt dust, the opening at e was covered with a piece of zinc cut as shown in fig. 8 , the hole in the centre having about 2 millimetres diameter.
together with the temperatures of the thermometers, the one (T) in the box, that (Tx) reaching halfway up the exposed column, and the one in the balance-case. These thermometers were connected as already described in Part L The thermometer (T) in the box was read off at a distance by a second observer through a telescope. All these data being noted down, a second and third weighing was made, and as the tempe rature only altered one-or two-tenths of a degree during the time, it was easily seen whether the weighings agreed with each other; and if this were not the case, fresh weighings were made, and often when these again did not agree, it was found that a small particle of dust had attached itself to the wire in the water; in fact this occurs very often, so that, after the weighings are finished, great care was taken to see whether any dust was hanging to the fine wire. Having finished the observations at the one tempe rature, the cylinder was taken out of the box, the water brought to boil, and kept boiling again for half an hour, and in the same manner as before, the weighings, &c. repeated, and so on for each different temperature.
The balance was carefully adjusted, so that 50 grms. in each pan might be changed without showing the slightest difference in weight. The weights were from time to time compared with each; the 50 grms. being correct according to the Kew Standard, any alteration found in the smaller weights was allowed for. At least once a day, and with some experiments after each observation, the barometer and thermometer placed by its side were read off for the reduction of weights to vacuum.
The dipping in and out of the water the fine platinum wire did not influence the weighings at all; wires of somewhat larger diameter could not be used, as with these appreciable differences were observed. As the weight of a metre of the fine platinum wire was only 0*06 grm., the error caused by the wire dipping in the water may be neglected, it being so small, as only 60 to 70 millimeters dipt in the water (forming the slip-knot, &c.). These weigh about 0*004 grm., and they would lose in water 0*0002 grm.; but as we only have to deal with the differences of loss of weight in water at different temperatures, these 0*0002 grm. will alter in volume between 0° and 100° to such an unmeasurable extent that they need not enter into the calculations. The column of mercury in the thermometer (T) not immersed in the water was corrected for as described in Part I.
III. On the Re determination o f the Coefficients o f Expansion o f Water.
To determine the coefficients of the expansion of water, the pieces of glass cut from the ends of the rods and ground to the shape^of a double wedge were weighed in water at different temperatures. The pieces were highly polished, and at one end notches were ground in to give a hold to the platinum wire.
Between each of the observations at different temperatures the water in the cylinder was reboiled to drive out any air which might have been absorbed during the time of weighing. The water employed was distilled from a copper still (tinned inside), the steam being condensed in a tin worm, and kept for use in a large glass bottle. In the first column the corrected temperatures are given; in the second the numbers express in grammes the loss of weight in water, or the difference between the weight of the piece of glass rod in vacuo and in water at the different tem third the numbers represent those proportional to the volumes of waters displaced at the different temperatures. These values were arrived at in the following manner:-Let a be the coefficient of the cubical expansion of the glass rod*, and V0 its volume at 0°. Its volume at t° will of course be V0(l-f-#£). But this is lik of the displaced water whose weight, say W " is determined by experiment. Hence V0(l ■ + ■ is the volume, at f , of the unit of weight of w ater; or more generally the volume o f a given weight o f water is proportional to 1 + at
In the fourth column the volume of water is taken at 4 equal to 1° (Table IV . ); and to reduce the values in Tables V. and VI. to the same unit, a formula was calculated from the first five observations in Series I. Table IV . to express the expansion of water between 4° and 20°*4.
The formula from which the calculated values (Table IV. ) were obtained was V ,=l+0-0000084465(£-4)2-0-00000008900(£-4)3, and calculating from this formula the volumes at 5°*35 and 8°*90, and taking them equal to the values found for the numbers proportional to the volumes of water at the same temperatures in Series II. and III. (Tables V. and VI. ), we reduce these volumes of water at different temperatures to the same unit. To express the volumes in one formula would require too many terms, as it was found by calculation that the following formulae did not express the results with sufficient accuracy between 4° and 100°, cl ~\~bt ct* cl t 31
V t= z l + a ( t -4)+$(#-4)*+c(t-4:)3+ d (t-4)4.
I therefore employed two formulae to express the expansion of water between 4° and 100°, the first for temperatures between 4° and 32°, being V ,= l -0-0000025300(^-4) + 0*00000083890(tf-4)2-0-00000007173(£-4)3, the second for temperatures between 32° and 100°, V*=0*999695-|-0,0000054724£2-0-000000011260^. In calculating the first formula, the observations at 19°*75 and 20°*90 were omitted, as by previous calculations they were found to be faulty. To prove that the impurities contained in the water used for the foregoing experiments have no influence on the results, a short series was made with common water. I do not, however, intend to convey the idea that the water was not pure in the ordinary acceptation of the word, mdccclxvi.
L 4 DR. A. MATTHIESSEN ON THE EXPANSION
as it was carefully distilled, but those who have tried to prepare absolutely chemically pure water know how difficult it is to prepare it in such a state, that it does not on evapo ration leave a slight residue.
From K r e m e r 's experiments on the expansion of solutions of salts in water, it appears that even large percentages have only a slight influence on the coefficients of expansion of the water in which they are dissolved. Table V (1) Expansion of w ater between 19°-5 and 100°*. ' (2) Expansion of water containing in 100 parts 5*2 parts of chloride of potassium f .
For the series contained in Table IX . common water was used. W ater from the laboratory tap was well boiled to precipitate the carbonates held in solution by the free carbonic acid, filtered and mixed with 25 per cent, of distilled water, to prevent any precipitation of salt on boiling to drive out the absorbed air ; in fact these 25 per cent, were added to replace the loss by evaporation. The determinations with this water were carried out in the usual m anner; the piece of glass employed was the same as that used lor Series S. The calculated volumes have been deduced from the above formulae; the observed value in the second column at 20°*7 being taken equal the calculated one in order to compare the other two values with those obtained from the experiments made with pure water.
For the convenience of experimenters, I give in Table X . the volume occupied by water from degree to degree, taking that at 4°= 1*000000, as well as the differences for each degree. f Ibid. c. 394.
BY HEAT OF WATER AND MERCURY. 2 4 3
The temperature 32° used as the point of junction between the two formulae was found by solving the equation l__0-0000025300(£-4 ) + 0 ,00000083890(£-4)2-0*00000007173(£-4)3 = 0999 6 9 5 + 0 ,0000054724£2--0*000000011260£3, whence £=32°.
By the first the volume at 32°=1*004932. v By the second the volume at 32°=1*004930. The mean of these values is given in the Table. T able X. For sake of comparison I have given in K o p p , D e s p r e t z , and P ie r r e used the same methods for their determinations, namely, that of determining the expansion of water in glass vessels (dilatometers). H a gen employed the weighing process, but at high temperatures took no special pre cautions to prevent his fine wire becoming slightly wetted by the steam condensing on its surface. This might account for his values at 90° and 100° falling below mine ||.
As I shall have to speak of the above series after describing the experiments with mercury, I will postpone the remarks I have to make.
IV. On the Redetermination o f the Coefficient o f Expansion o f Mercu
The mercury employed for the following experiments was purified by treating the commercial metal with nitric acid, distilling it, again treating it with nitric acid, redistil ling and keeping it till required for use under a solution of the protonitrate of mercury. When required for use it was again treated with nitric acid on a water-bath for some little time, thoroughly washed with distilled water, dried first on the water, and then heated over the naked flame.
To weigh the metal in water at different temperatures, small buckets (about 20 millims. long, 15 millims. wide) were made from the ends of thin test-tubes. Across the mouths of these a thin platinum wire was fused to serve as a handle, to which the very fine wire can be fastened.
The coefficient of expansion of this sort of glass was determined by weigh ing a piece of the same tubing in water at low and high temperatures. The tube was drawn out and fused as shown in the annexed figure; but before sealing to, a small piece of lead was placed in the tube to cause it to sink in water. It was weighed in water with the following results:- The values in the third column are deduced by multiplying the observed loss of weight in water by the volume occupied by water (l-\-at) at the temperature at which the weighing was made (Table X .); for if the weights of water displaced be reduced to 4°, the numbers so obtained will express in cubic centimetres the volumes of glass at different temperatures.
The coefficient of expansion of the glass between 11°*7 and 95o,20 equals from the above values 0*002143, taking its volume at 11°*7=1, or 0*002566 between 0° and 100°, taking its volume at 0°=1, or the formula for the correction of the expansion of this sort of glass will be V ,= V o(l+0*00002566£).
In carrying out the experiments with mercury, the bucket was first weighed in air, then placed in the silver cylinder and boiled in the water for about half an hour to free it from a ir; the mercury during the time being dried, as already mentioned, and still hot, was poured into the bucket, just lifted out, but quite full of water. In this manner it was possible to fill the bucket with mercury without air getting between it and the glass. After filling the bucket, the boiling was continued for a quarter of an hour, and then the observation made in the ordinary manner. Table X II. contains the five series made with different specimens of mercury used. To find the weight of the mercury after the weighings had been made, it was emptied into a crucible, dried on a water-bath, and weighed. The bucket used in Series It, III, and III. was the same. Its weight vacuo was = T 252S grm., and it lost in water at 11°*2, 0*4989 grm.
The bucket used in Series IV. and V. was the same. Its weight in vacuo w a s= 1*750 grm., and it lost in water at 8°*6, 0*4725 grm.
Deducing from these determinations the volumes at 0°, we find that of the first to be =0*49895 cub. centim., and that of second to be =0*47245 cub. centim.
The formula therefore for the correction of the expansion of the first bucket used was V *=0-49895(l-f 0*00002566.2), and that for the second V *=0*47245(14-0*00002566.2).
BY HEAT OF WATER AND MERCURY. 2 4 7
The volumes of the glass were subtracted from the volumes of the water displaced, to find the volumes of the mercury for w #( i +^0 = 1 1 0 ( 1 +^) + W 0( l + where U0 is the volume of mercury at 0°, b its coefficient of expansion, W*(l +«,£) the volume of the water displaced, and W 0( l +^) the volume of the bucket. Calculating the relative coefficients of expansion of mercury for each series, and deducing by means of these the volumes of the mercury at 0°, we arrive at the following formulae:-For Series I. U*=2-97477+0-0005400£.
" II. U*=3-18832 + 0-0003782£. " III. U<=3-03998+0-0005496£. IV. U*=4-07168+0-0007364£. "
V. U*=4-30424+0-0007816tf.
It 'will be seen that the volumes calculated by these formulae agree closely with those observed.
The above formulae may, however, be written as follows:-I. U *=2-97477(l+0-0001815£), II. U*= 3-18832(1 + 0-0001813£), III. U ,= 3-03998(l+0-0001808tf), IV. U ,= 4-07168(1+0-0001808£), V. U ,= 4-30424(l + 0-0001816^, where the coefficients are referred to the volumes of mercury at 0° equalling unity.
The mean of the coefficients is 0-0001812, a number closely agreeing with Kegnault's, namely, 0-0001815. The above five series also prove that the air absorbed by the water during the time of weighing does not influence the results; for in Series I. the water in the cylinder was boiled (to free it from air) only once during the time of the observations, the weighings being made at the highest temperature first, and then on cooling the water gradually the other weighings were taken, the water in the box not being stirred at all.
In Series II. same remarks as for Series I. In Series III. the water was twice boiled, namely, before taking the weighings at 94°*0 and 44°-6; otherwise same remarks as for Series I.
In Series IV. the water was twice boiled, namely, before taking the weighings at 95°*3 and 4°*7, and 63°*5 and 34°-4; the water in the box in which the cylinder stood being stirred during the weighings.
